ADAR1, an adenosine-to-inosine (A-to-I) RNA editing enzyme, has an emerging role in cancer immunotherapy. ADAR1 presumably works by suppressing cellular innate immunity response to endogenously generated double-stranded RNAs through RNA editing. However, RNA species that are directly regulated by ADAR1 mediated RNA editing processes remain poorly defined.
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overlapping of ADAR1 peaks with RNA editing sites resulted in 270,520 editing sites which we refer to as ADAR1-mediated editing sites (Table S1 in Additional file 2). These ADAR1-mediated editing sites were mainly located in introns and intergenic regions ( Fig. 2D ). There were 1,771 ADAR1-mediated editing sites detected outside repeated regions; however, for >99% of them, ALUs or other repeat elements could be identified within their associated ADAR1 peaks ( Fig. S3 in Additional file 1). All these findings suggested that ADAR1 binds ALUs or other repeat elements to edit adenosine(s) located within the peaks, which is consistent with a previous report that RNA editing can occur a short distance away from an inverted ALU pair which recruits ADARs to exert their editing functions (25) .
Properties of ADAR1 binding in introns

ADAR1 binds excised introns
As the majority of ADAR1 peaks as well as ADAR1-mediated editing sites are located in introns ( Fig. 2A,   D) , the question is then apart from premature RNAs, whether the ADAR1 protein could bind spliced-out intronic segments. To this end, we examined ADAR1 fRIP-seq signals in introns, with a particular focus on sequences surrounding exon-intron junctions. Two exemplary ADAR1 target genes, NCBP1 and PIP5K1C, with intronic ADAR1 peaks were highlighted ( Fig. 3A, B) . A peak consisting of non-exonic reads extended to its flanking areas crossing multiple exons and introns was detected in NCBP1 pre-mRNA transcript ( Fig.   3A ), demonstrating a typical example of ADAR1 binding to intronic regions of pre-mRNAs due to the existence of the inverted ALU pair. In contrast, a peak observed in PIP5K1C gene was located within two exon-intron boundaries ( Fig. 3B ), indicative of the fact that ADAR1 may mainly bind a spliced-out or excised intron fragment in this case, as there was no indication of intron retention from the control sample.
We further illustrated the concept with two peaks in GYPA gene ( Fig. 3C ). One of the peaks confined within an intron, while the other peak far away from any exon-intron junctions managed to stretch widely to flanking areas ( Fig. 3C ). To characterize ADAR1-bound introns, we then profiled all ADAR1 peaks containing at least one A-to-I editing site which was in close proximity (<2 kb) to either 5' or 3' exon-intron junction sites. Moreover, to prevent fRIP-seq signals from being mangled or interfered by different binding events, we further excluded those peaks with A-to-I editing site(s) present on the opposite side of the junction within 4 kb. A clear signal disruption at the 5' or 3'exon-intron junctions was then observed for the peaks close to 5' or 3' exon-intron splicing sites, respectively ( Fig. 3D ). ADAR1 peaks tended to shrink abruptly at the 5' or 3' of exon-intron junctions, despite varying distances of the closest A-to-I editing site to the junction site ( Fig. 3D , E). We also noticed that the peaks located in introns were confined within the introns, implying that ADAR1 was bound to spliced-out introns. Given that ADAR1 targets unprocessed premature RNAs, a more uniform distribution of fRIP reads across the intron-exon junctions should be expected, as fragmentation or shearing of pull-down RNAs is supposed to be random and not occur exactly at exon-intron boundaries. Provided ADAR1 binds partially to the processed premature RNAs, one would expect to observe that fRIP-seq reads from the upstream exons are enriched together with the peak of the intron bound to ADAR1. Moreover, binding on partially processed premature RNAs would not be able to give the symmetrical fRIP-seq pattern between 3' ends and 5' ends of introns as depicted in Fig. 3 . In addition, during RNA splicing, the upstream sequence is usually processed earlier than the downstream, a more intensive 5' end interruption of fRIP signals should be expected, which was also not observed ( Fig.   3D ). Altogether, it is most likely that binding of ADAR1 to excised introns contributes to the observed disruption in read distributions at exon-intron junctions (Fig. 3D, E) . As fRIP-seq peaks did not drop to the background level beyond the junctions (Fig. 3D , E), it indicates that ADAR1 could bind both unprocessed nascent transcript and excised introns. It should be also noted that the dramatic decrease in read abundance at the junctions was not due to PCR duplication of those reads ending at the boundaries, as duplicated fragments were already removed at the mapping step.
ADAR1 may not regulate splicing directly
A small proportion of RNA editing events have been reported to affect splicing regulation or vice versa (19, 26, 27) . Moreover, global splicing changes have been observed after ADAR knockdown (28) . To check whether ADAR1 binding is involved in splicing regulation, we examined the differential splicing events in ADAR1 KD versus the wildtype (WT) control. Indeed, differential splicing events were more abundant in the ADAR1 KD sample compared to the WT control ( Fig. S4A in Additional file 1). However, only 35% of differential splicing events were overlapped with ADAR1 peaks, and the overlapping rate was comparable Table S1 . A-to-I editing sites in K562  Table S2 . ADAR1 PIP-seq peaks in K562   Table S3 . Gene associated ADAR1 peaks in IGR The nearest ALU pair is shown for highlighting the potential ADAR1 targeting locus. Green arrows indicate the concept of primer design for Fig. 6E . (C) Profiles of fRIP-seq read coverages in IP and control and the difference between them around TESs in Fig. 5A . The difference is the subtraction result between IP and control based the normalized read coverage. (D) Genome view of fRIP-seq around the TES of gene MRPS33. The ADAR1 bound downstream RNAs are annotated by GENCODE as 3' UTR, but the ADAR1 peak was stopped at the upstream polyA site. The nearest ALU pair is shown for highlighting the potential ADAR1 targeting locus. (E) Validation of ADAR1 binding on ANLN locus by qPCR of ADAR1 RIP pulldown.
